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INTRODUCTION
Some mammals face the seasonal limitations in food and water availability by using specific adaptive strategies, such as hibernation (20) . Hibernation consists of a succession of multiday torpor bouts interspersed with periods of euthermia (33) . During torpor, hibernating mammals reduce their metabolism and body temperature, and many physiological functions cease (20, 33) . To prepare for the hibernation season, and thus overcome the harsh winter conditions, these animals have to store large energy reserves during late summer and fall. Foodstoring species hoard food in a burrow, which is consumed during hibernation, whereas fat-storing species build up high body fat reserves for their needs during the winter (22) .
For a hibernator, each phase of the annual cycle is strongly dependent on the previous one. Therefore, poor stockpiling before hibernaton may induce an extended use of torpor to ensure energy sparing, resulting in delayed emergence from hibernation and impaired body condition (27) . Animals with poor body conditions on emergence generally display low reproductive success, i.e., reduced mating opportunities for males and fewer litters for females (8) . Moreover, their late emergence from hibernation gives them less time to hoard food for the next hibernation period, thus jeopardizing the entire annual cycle to come. The quality of the reserves stored during the prehibernation period is therefore a key factor determining the survival and reproduction of hibernators (11, 16, 17) . Dietary lipids are crucial to the rapid constitution of highenergy reserves in fat-storing species and also enable foodstoring hibernators to maintain their body condition and overwinter survival (8) . Previous literature states that the degree of unsaturation of dietary fatty acids determines hibernation quality in fat-storing species. Indeed, polyunsaturated fatty acids (PUFAs) lead to a reduction in the minimum body temperature set-point and the minimum metabolic rate through the improvement of torpor bout duration and depth (11, 26) . However, PUFAs are more prone to peroxidation than saturated lipids, and an excess thereof in the diet of a hibernator can reverse their positive effects on hibernation quality (13, 15) . Based on these results, it seems that an optimum rather than a maximum quantity of PUFA is beneficial for hibernation (13, 14) . The type of PUFA is also crucial; an n-3 linolenic acid-enriched diet prevents hibernation behavior (21) , whereas an n-6 linoleic acid-enriched diet improves torpor bout length and depth (18, 26) . Food-storing hibernators seem to be less affected by the degree of unsaturation of fatty acids in the diet, as observed in the Turkish hamster (Mesocricetus brandti) (2) . The shorter torpor bouts occurring in food-storing species may lead them to be less affected by lipid peroxidation than fat-storing hibernators (2) .
Macronutrient food composition has also been widely demonstrated to impact reproduction and juvenile growth rate in a large range of species, including hibernators. Their high energy supply efficiency demands sufficient lipids to cover the high energy demands of mating, gestation, and lactation (35) , especially in small mammals living in highly seasonal environments (23) . In hibernators, triglycerides have been shown to accelerate sexual maturation at emergence. This has been shown in juvenile golden-mantled ground squirrels (Spermophilus lateralis), in which a high-fat diet induces higher testes masses and plasma testosterone concentrations after hibernation (7). Moreover, PUFAs also specifically increase testosteronemia in the European ground squirrel (Spermophilus citel-lus) (36) . Diet composition is also important during lactation (23, 38) . This has been illustrated in chipmunks (Tamias sp.), where the milk energy value doubles between the beginning and the end of lactation as it is progressively enriched in lipids and proteins until they constitute 30% and 10% of its wet mass, respectively (38) .
The present study aimed to evaluate the effects of two diets with different lipid and protein contents (see Table 1 for macronutrient composition) on the annual lifecycle of a foodstoring hibernator, the European hamster (Cricetus cricetus). In a first step, we investigated the effects of these two diets on hamster feeding behavior and body condition during the prehibernation period (from June to September), on their hibernation pattern, and on their body condition at emergence in January. We predicted that animals fed a high-lipid/low-protein diet would 1) show a higher body mass and fat mass gain before hibernation because of a higher energy intake than the high-protein/low-lipid group. As a consequence, we hypothesized that they would 2) spend less time in torpor and 3) lose more body mass during hibernation but would 4) still show a better body condition at emergence than the second diet group. Second, we compared the effects of the two diets on the reproductive success of European hamsters. We predicted that 5) the adult animals with the best body condition at emergence from hibernation (i.e., the individuals fed a high-lipid/lowprotein diet, according to our 4th hypothesis) would have the best reproductive success (i.e., more pups per female with a higher body mass at birth) but that 6) juveniles from the high-protein diet would catch up for growth delay in the first weeks after birth.
METHODS

Animals and Diets
A total of 94 one-year-old (at the beginning of the experiment) European hamsters were used for the experiments. These were separated as follows: 34 females for the experiment on body composition (see Diet and hibernation) and 30 breeding pairs for the reproduction experiment (see Diet and reproduction quality). Animals were maintained under photoperiodic and thermal conditions that mimicked an annual cycle (39) . Hibernation in this species is controlled by an endogenous circannual clock (25) and occurred under controlled photoperiod in captivity from mid-October to the end of January. They were housed individually for the entire period, except for a 2-wk reproduction period in which they were housed as breeding pairs.
Animals had free access to water and food in both experiments. One group of 47 individuals was fed with a protein-enriched diet (high-protein group), and the remaining 47 hamsters were fed a lipid-enriched diet (high-lipid group) (Safe, Augy, France; see Table  1 for macronutrient composition). The high-lipid diet contained twice as many lipids as the high-protein diet. The protein content was adjusted to have identical energy and carbohydrate content in both diets. Pellets had the same shape, size, and hardness in both diets.
Animals were fed these diets from June 2013 (beginning of the experiment, starting with a prehibernation stockpiling phase and then throughout hibernation and reproduction) to August 2014 (end of monitoring of pup growth).
The experimental protocol followed the European Union Directive 2010/63/EU for animal experiments and the care and use of laboratory animals and was approved by the Ethical Committee under agreement number 00624.01.
Experimental Procedures
Diet and hibernation. Females (34) were used for this first study (mean body mass ϭ 286.9 Ϯ 6.3 g) and were randomly assigned to 1 of the 2 nutritional groups, i.e., the high-protein or the high-lipid diet. Food consumption was determined weekly by weighing the pellets (Ϯ0.1 g) and calculating the difference between the amount of pellets they received and the amount remaining. Animals were weighed monthly (Ϯ0.1 g), except during hibernation to avoid any disturbance of the animals. Females (14; 7 per diet) were euthanized before hibernation in September 2013 (prehibernation groups), and the 20 remaining females (10 per diet) were euthanized in January 2014, i.e., at the end of hibernation and before emergence (posthibernation groups).
Hibernation pattern assessment. In June 2013, a temperature logger (iButton, DS1922L model, Maxim Integrated Products, Sunnyvale, CA, weighing 3.2 Ϯ 0.1 g after paraffin ELVAX inclusion) was implanted intraperitoneally in each of the 20 females assigned to the posthibernation groups to monitor changes in body temperature throughout hibernation. Surgical procedures were performed according to Paul et al. (29) , except that isoflurane anesthesia was used (2.5% in 1.2 l/min oxygen). Animals were considered to be hypothermic when their body temperature dropped below 32°C (29) .
Body composition assessment. After euthanasia by decapitation under 2% isoflurane anesthesia, the hamster carcass was weighed (Ϯ0.01 g), and the digestive tract content was removed. The carcass was weighed again and cut into small pieces before being freeze-dried to constant mass and ground under liquid nitrogen to obtain a homogenous powder for analysis. Before analyses, the powder was lyophilized for 48 h to eliminate any remaining traces of water. Nitrogen content was determined in triplicate according to the Kjeldahl method using a range of 150-to 200-mg aliquots. Protein content was calculated as nitrogen ϫ 6.25 (5) . Lipid content was determined in duplicate using 1-g aliquots according to a procedure adapted from the Folch method (12) and using a chloroform/methanol solution (2/1, vol/vol) as extraction solvents. Ash content was determined gravimetrically in duplicate from 1-to 2-g samples ignited in a muffle furnace at 400°C for 24 h. Total body water (TBW) was calculated by subtracting total dry body mass from fresh body mass. Fat-free mass (FFM) was the sum of TBW, protein content, and ash content.
Diet and reproduction quality. Mating pairs (30; 15 per diet) were used for this second experiment (average body mass of 224.9 Ϯ 8.7 and 195.2 Ϯ 8, respectively, for males and females before emergence from hibernation in January). When assigning animals to each diet group, care was taken not to assign animals to groups containing their kin. Mean body mass was similar between groups at the start of the experiment. Animals were housed and hibernated in the same conditions as in the first study (see Diet and hibernation). Six weeks after the end of hibernation (i.e., in March 2014), males and females in each group were put into mating pairs for two weeks. A plastic shelter was placed in each mating cage to limit intrapair conflicts. At the end of the mating period, males were removed, and the cages of the females were checked every day to determine the litter birth date. Gestation lasts 15-18 days in captivity (10) . If no birth occurred 2 wk after the separation from males, females were weighed to determine if they were pregnant. If they were not pregnant, they were mated with another male. Females that had successfully mated weaned their pups at the age of 28 days and were mated for a second time with a different male after 3 days of rest. The number of successful matings was recorded. From 7 days postpartum, pups were weighed (Ϯ0.1 g) every 3 days until weaning, when they were separated from their mothers. Pups were then fed the same diet as their mothers and were weighed every 7 days, up to 105 days postpartum.
Statistical Analyses
The data presented are mean values Ϯ SD or SE, as indicated. For the first experiment (effects of the diet on the body mass, body composition, food intake, and patterns of hibernation), a MannWhitney U-test was performed to test the significance of the difference (P Ͻ 0.05) in mean body mass, fat mass, FFM, and FFM components (TBW, protein content, and ash content) between the diets. Linear mixed models (LMMs) were used to investigate the effects of the diet on daily food, energy, protein, lipid, PUFA, and SFA intakes and on body mass change from June to January in adult females. Diet, month, and diet ϫ month interactions were included as fixed factors. The identity of the individuals was included as a random factor for repeated measurements on the same individuals. When examining the effect of the diet on the food intake of hamsters, their body mass at the beginning of the month was included as a covariate. The effects of each diet on the hibernation pattern, namely 1) the date of the first torpor event, 2) the number of torpor bouts, 3) the total time spent in torpor, 4) the mean duration of torpor bouts, 5) the minimal body temperature, 6) the number of euthermic phases, 7) the mean duration of euthermic phases, and 8) the total time during which the animal was euthermic were analyzed using Mann-Whitney U-tests.
The effect of the diet on reproductive success was investigated using linear models (after verifying for the normality of the residuals). The effects of each diet on the total number of litters per female 1) at parturition and 2) at weaning was analyzed using a linear model, with the diet group as a fixed factor. A LMM was used to investigate how each diet affected litter size 3) at parturition and 4) at weaning, with the diet group, the reproduction number, and the diet ϫ reproduction interaction used as fixed factors. The identity of the females was included as a random factor to control for repeated measures on the same individuals. Finally, the effects of each diet on pup body mass growth was also investigated using a LMM. The diet type, the litter number (first or second), the age, and the sex of the pups were included as fixed factors, as well as the four following interactions: sex ϫ age, sex ϫ diet, age ϫ diet, and sex ϫ age ϫ diet. The litter size and the mother's body mass were both included as covariates. The identity of the pups, nested in the identity of the litter, was included as a random factor for repeated measurements on the same individuals and the same litters. Only pups that survived until weaning were included in this analysis. For all the LMMs, the normality of the residuals was tested using a Kolmogorov-Smirnov test, and variance homogeneity was checked using a Levene test. Multiple comparisons were analyzed via post hoc least significant difference testing. The final model selection was based on the best Akaike information criterion for small samples value. Analyses were conducted using IBM SPSS software (IBM SPSS Statistics for Windows, version 21.0, IBM, Armonk, NY), and the significance threshold was set at P Ͻ 0.05. Figures were prepared using GraphPad prism software (version 5, La Jolla, CA).
RESULTS
Influence of each diet on body condition of adult females.
The effect of the diets on the body mass of adult females varied significantly according to the month (F 4,430.4 ϭ 240.7, P Ͻ 0.001, increasing from June to July, then decreasing during hibernation, i.e. Ϫ80.9 Ϯ 4.1 g from September to January, P Ͻ 0.01, Fig. 1A ). However, no significant effect of the diet alone was found on the overall body mass of the females during this experiment (F 1,31.8 ϭ 3.3, P ϭ 0.08). A significant diet ϫ month interaction was, however, observed (F 4,430.4 ϭ 25.2, P Ͻ 0.001). Post hoc analyses highlighted that there was no effect of the diet on the body mass of females at the beginning (June, high-protein group ϭ 287.7 Ϯ 5.1 g, highlipid group ϭ 290.3 Ϯ 5.3 g, P ϭ 0.73) and at the end of this first experiment (January, high-protein group ϭ 187.7 Ϯ 9.5 g, high-lipid group ϭ 196.5 Ϯ 9.5 g, P ϭ 0.53). However, from July to September (prehibernation period), the hamsters in the high-lipid group had a significantly higher body mass than the hamsters that were fed the high-protein diet (by 22.6 Ϯ 6.1 g in July, 34.8 Ϯ 6.5 g in August, and 42.2 Ϯ 11.6 g in September, P Յ 0.001). The high-lipid group gained more FFM (Fig. 1C) (Mann-Whitney U-test: P ϭ 0.002) and particularly body proteins and water (Mann-Whitney U-test: P ϭ 0.007 and P ϭ Fig. 1 . A: effects of the diets on the body mass and body composition of hamsters. Mean body mass (g) for high-protein and high-lipid groups during the prehibernation and posthibernation phases. Hatched area depicts the hibernation phase. Results are represented as mean values Ϯ SD. *Significant differences between high-protein and high-lipid groups (P Ͻ 0.05). B: mean fat mass (g) for high-protein and high-lipid groups before and after hibernation. C: mean fat-free mass (g) for high-protein and high-lipid groups with the different compartments composing fat-free mass before and after hibernation. TBW, total body water. Results are represented as mean values Ϯ SE. Different lowercase letters show significant differences in fat mass and fat-free mass compartments (the 3 compartments having been analyzed separately) between diets in January and September (P Ͻ 0.05). *Significant differences in fat-free mass between diets in January and September (P Ͻ 0.05).
0.002, respectively), but the water-to-protein ratio (W/P) was similar in the two groups (high-protein group ϭ 2.76 Ϯ 0.02 and high-lipid group ϭ 2.84 Ϯ 0.04, Mann-Whitney U-test: P ϭ 0.11). Fat mass was not affected by diets (Fig. 1B) (Mann-Whitney U-test: P ϭ 0.46). The ash component was not significantly different between groups in September (MannWhitney U-test: P ϭ 0.06) (Fig. 1C) .
During hibernation, animals from the high-lipid group displayed a greater body mass loss (35 Ϯ 1% of the prehibernation mass, Fig. 1A ) than that observed in the high-protein group (27 Ϯ 1% of the prehibernation mass) (Mann-Whitney U-test: P ϭ 0.004). Lipids contributed the most to the mass loss during hibernation with a 66% decrease in both groups (Fig. 1B) . The high-lipid group also presented a decrease in ash and protein masses during this period [Ϫ12% for ash, P ϭ 0.037 and Ϫ26% for protein, P ϭ 0.001 (Wilcoxon test), Fig. 1C] .Consequently, the W/P value decreased significantly in the highlipid group during hibernation from 2.84 Ϯ 0.04 to 2.66 Ϯ 0.04 (Wilcoxon test: P ϭ 0.01), whereas no change was observed in the high-protein group (ranging between 2.76 Ϯ 0.02 and 2.68 Ϯ 0.04). At the end of hibernation, protein, ash, and water contents as well as W/P values were similar in both groups (Mann-Whitney U-test: P ϭ 0.15, P ϭ 0.96, P ϭ 0.15, and P ϭ 0.82, respectively).
Influence of diets on food consumption of adult females. Daily food intake was significantly affected by the type of diet (F 1,32.4 ϭ 5.3, P ϭ 0.03), the month (F 3,88.5 ϭ 15.9, P Ͻ 0.001), the diet ϫ month interaction (F 3,86.8 ϭ 4.1, P ϭ 0.009), and the body mass of the individuals (F 1,54.4 ϭ 11.5, P ϭ 0.001). On average, individuals in the high-protein group ingested less food (7.4 Ϯ 1.0 g/day) than individuals in the high-lipid group (8.3 Ϯ 1.0 g/day; mean difference ϭ Ϫ0.92 Ϯ 0.40 g/day). All females in both groups ingested, on average, more food in June and July (8.7 Ϯ 1.0 g/day in June and 8.3 Ϯ 1.0 g/day in July, no significant differences: P ϭ 0.12) than in August and September (7.5 Ϯ 1.0 g/day in August and 6.8 Ϯ 1.0 g/day in September, P Ͻ 0.05, Fig. 2A ). Post hoc tests of the diet ϫ month interaction highlighted that the only significant difference between the high-protein and high-lipid groups occurred in June ( Fig. 2A, P ϭ 0 .046, n ϭ 17 per group; high-protein group ϭ 8.2 Ϯ 1.0 g/day and highlipid group ϭ 9.2 Ϯ 1.0 g/day) but not from July to September (n ϭ 17 per group; P Ն 0.4). Overall, during the prehibernation phase, food intake decreased by~30% in the high-protein group (reaching 5.9 Ϯ 1.1 g/day in September), whereas it decreased by only~15% in the high-lipid group (reaching 7.8 Ϯ 1.1 g/day in September). Because of similar energetic density of diets, the daily energy intake followed a similar trend to that of the daily food intake (Fig. 2B) and was also significantly affected by the diet type (F 1,32.3 ϭ 13.5, P ϭ 0.001), the month (F 3,80.7 ϭ 15.2, P Ͻ 0.001), and the diet ϫ month interaction (F 3,80.7 ϭ 6.3, P ϭ 0.001). Females from the high-protein group ingested, on average, significantly less energy per day (122.6 Ϯ 20.8 kJ/day) than females from the high-lipid group (151.1 Ϯ 20.9 kJ/day). All females in both groups ingested significantly less energy per day from June to September (From 149.7 Ϯ 20.6 kJ/day in June to 116.3 Ϯ 20.8 kJ/day in September, P Ͻ 0.001). Post hoc analyses of the diet ϫ month interaction Fig. 2B ) highlighted that females from the high-protein group ingested less energy than females from the high-lipid group in June (mean difference ϭ Ϫ22.3 Ϯ 9.3 kJ/day, P ϭ 0.023), August (mean difference ϭ Ϫ31.6 Ϯ 10.5 kJ/day, P ϭ 0.005), and September (mean difference ϭ Ϫ51.2 Ϯ 15.1 kJ/day, P ϭ 0.003) but not in July (mean difference ϭ Ϫ8.2 Ϯ 6.8 kJ/day, P ϭ 0.2). Daily protein intake was also significantly influenced by the diet type (F 1,32.1 ϭ 19.2, P Ͻ 0.001), the month (F 3,80.5 ϭ 19.0, P Ͻ 0.001), and the diet ϫ month interaction (F 3,80.5 ϭ 10.7, P Ͻ 0.001). Individuals from the high-protein group ingested, on average, more protein than individuals from the high-lipid group ( Fig. 2C ; mean difference ϭ Ϫ0.32 Ϯ 0.07 g/day). Post hoc analyses on the diet ϫ month interaction revealed significant intergroup differences in June (P Ͻ 0.001), July (P Ͻ 0.001), and August (P ϭ 0.009) but not in September (P ϭ 0.99). Protein ingestion was reduced in September in the high-protein group, whereas it remained constant in the highlipid group (Fig. 2C) .
For total daily lipid intake, we found an effect of diet type (F 1,32.5 ϭ 170.9, P Ͻ 0.001) and month (F 3,80.8 ϭ 9.5, P Ͻ 0.001), but no effect was observed for the diet ϫ month interaction (F 3,80.8 ϭ 2.3, P ϭ 0.08). Females from the highprotein group ingested, on average, half as many lipids as females from the high-lipid group on a daily basis ( Fig. 2D ; mean difference ϭ Ϫ0.475 Ϯ 0.036 g/day), regardless of the month. Regarding the effects of the month, daily lipid intake significantly decreased in both groups from June to September (from 0.66 Ϯ 0.10 g/day in June to 0.53 Ϯ 0.1 g/day in September, P Ͻ 0.001). Separate consideration of saturated fatty acid (SFA) and PUFA intake showed that SFA intake was significantly affected by the diet type (F 1,32.6 ϭ 294.6, P Ͻ 0.001) and the month (F 3,80.9 ϭ 6.8, P Ͻ 0.001) but not by the diet ϫ month interaction (F 3,80.9 ϭ 1.4, P ϭ 0.26), with females from the high-protein group ingesting less SFA, on average, than females from the high-lipid group ( Fig. 2E ; mean difference ϭ Ϫ0.184 Ϯ 0.011 g/day) and with a significant decrease in SFA daily intake from June to September (mean difference ϭ Ϫ0.031 Ϯ 0.007 g/day, P Ͻ 0.001). The daily PUFA intake was affected by the diet type (F 1,32.5 ϭ 127.8, P Ͻ 0.001), the month (F 3,80.8 ϭ 10.6, P Ͻ 0.001), and the diet ϫ month interaction (F 3,80.8 ϭ 2.9, P ϭ 0.041), with individuals from the high-protein group ingesting, on average, less PUFA than individuals from the high-lipid group ( Fig. 2F ; mean difference ϭ Ϫ0.291 Ϯ 0.026 g/day) and showed a decrease in the PUFA intake from June to September (mean difference ϭ Ϫ0.093 Ϯ 0.017 g/day, P Ͻ 0.001). Post hoc analyses of the diet ϫ month interaction (Fig. 2F) highlighted that females from the high-protein group ingested less PUFA than females from the high-lipid group, regardless of the month, although the difference between the two groups was highest in September [i.e., mean difference ϭ Ϫ0.33 Ϯ 0.05 g/day, P Ͻ 0.001, compared with August (mean difference ϭ Ϫ0.30 Ϯ 0.03 g/day, P Ͻ 0.001), June (mean difference ϭ Ϫ0.29 Ϯ 0.03 g/day, P Ͻ 0.001), and July (mean difference ϭ Ϫ0.24 Ϯ 0.02 g/day, P Ͻ 0.001)].
Diet influence on prehibernation and hibernation behavior. Some animals in the high-protein group displayed daily torpor during the prehibernation period in July and August, a behavior that was not observed in the high-lipid group. During hibernation (from September onwards), the high-protein group displayed significantly more torpor bouts than the high-lipid group (Mann-Whitney U-test: P ϭ 0.013, Table 2 ), but the mean duration of torpor bouts was similar in both groups (P ϭ 0.21, Table 2 ). Finally, the total time spent in torpor was significantly higher in the high-protein than in the high-lipid group (P ϭ 0.015, Table 2 ). No differences appeared in the minimal body temperature reached during torpor (high-protein group ϭ 7.34 Ϯ 0.04°C and high-lipid group ϭ 7.38 Ϯ 0.04, Mann-Whitney U-test: P ϭ 0.53). Finally, the high-lipid group had significantly fewer and shorter euthermic phases than the high-protein group (P ϭ 0.004, Table 2 ). As a result, the total duration of euthermia for animals in the high-lipid group was significantly shorter than that observed in the high-protein group (P ϭ 0.001, Table 2 ). In total, the high-protein group hibernated longer than the high-lipid group (3,144.3 Ϯ 77.5 h for high-protein group and 2,548.2 Ϯ 99.2 h for high-lipid group, Mann-Whitney U-test: P ϭ 0.006). In addition, the time spent in torpor (body temperature Ͻ 32°C) during hibernation in high-protein and high-lipid groups was inversely correlated with the body mass before hibernation (for all animals, Rho ϭ Ϫ0.845, P Ͻ 0.001).
Diet influence on reproduction. All variables that were representative of the reproductive success were significantly affected by the diet, except for the average number of litters at parturition (F 1,22 ϭ 1.4, P ϭ 0.25; Table 3 ). The diet had a significant effect on the number of litters at weaning (F 1,22 ϭ 5.9, P ϭ 0.024; Table 3 ). Results of the LMM regarding the litter size at parturition revealed a significant effect of the diet (F 1,23 ϭ 15.1, P ϭ 0.001; Table 3 ) but showed no effect of the litter number (F 1,22 ϭ 0.1, P ϭ 0.8; first litter: 4.9 Ϯ 0.9 and second litter: 5.1 Ϯ 1.0 pups per female) or the diet ϫ litter number interaction (F 1,22 ϭ 0.2, P ϭ 0.6). The best model for the litter size at weaning was that with only the diet group as a fixed factor, which was found to significantly affect the response variable (F 1,22 ϭ 28.7, P Ͻ 0.001; Table 3 ). The significant effect of the diet group on this variable was also confirmed in the other models that were less robust. Results are presented as mean values Ϯ SE. BT, body temperature. *Significant differences between high-protein and high-lipid groups: *P Ͻ 0.05, **P Ͻ 0.005, and ***P ϭ 0.001. Influence of diet on body mass of pups. The body mass of pups was significantly affected by all variables included in the LMM (namely age, diet, sex, litter size, body mass of mothers, and interactions age ϫ sex ϫ diet: 5.5 Ͻ F Ͻ 2,400, P Ͻ 0.001), except the litter number (F ϭ 0.1, P ϭ 0.77). On average, males were heavier than females, but this effect was dependent on the age and the diet. The effects of this sex ϫ age ϫ diet group interaction on the body mass of pups are shown in Fig. 3 . Post hoc analyses highlighted that males in the high-protein group were significantly heavier than males from the high-lipid group throughout the experiment (i.e., from the age of 7 to 105 days, see Fig. 3 ). However, males in the high-protein group started to differ from females in the same group at the age of just 28 days (Fig. 3) . Females in the high-protein group were heavier than females in the high-lipid group throughout the weighing period, i.e., from 7 to 105 days of age. However, they only differed from males of the highlipid group between the ages of 13 and 63 days (Fig. 3) . Finally, males from the high-lipid group were heavier than females from the same group from the age of 42 to 105 days (Fig. 3) .
DISCUSSION
This study is the first, to our knowledge, to investigate the role of proteins versus lipids on the hibernation behavior and reproductive success of a food-storing hibernating species. Our main results show that, compared with a high-protein/low-lipid diet, a high-lipid/low-protein diet induced changes in the management of energy reserves during prehibernation and hibernation periods. Hamsters fed a high-lipid diet had a higher body mass before hibernation than the high-protein group, spent then less time in torpor, and thus lost more body mass during hibernation (Fig. 4) . This resulted in reduced reproductive success of adult females and a slower growth rate of pups in the high-lipid group.
The literature describes many factors influencing the duration and depth of torpor bouts during hibernation. One of these factors is an optimal PUFA content of the diet before hibernation, which decreases the minimum body temperature setpoint, prolongs torpor bout duration, and attenuates hibernation mass loss (26, 32) . Animals from the high-protein and highlipid groups remained in the optimal consumption range for PUFA throughout the experiment; this hypothesis cannot, therefore, be considered to explain the differences we observed in torpor bout duration. However, the greater ingestion of lipids and SFA by the high-lipid group in summer and before hibernation could explain the reduced use of torpor, as observed in the Turkish hamster (M. brandti) (2) .
Nevertheless, in accordance with previous studies in fatstoring species (3, 41) and in line with our prediction, the time European hamsters spent in torpor (body temperature Ͻ 32°C) during hibernation was inversely correlated with body mass before hibernation. Similarly, in food-storing species under natural conditions, animals with the largest food hoards spent less time in torpor (22, 27) . These data suggest that since torpor is experienced to face food scarcity, huge energy reserves, whether they are internal and/or external, might render the torpor strategy less useful.
In line with our prediction, animals that were fed the highlipid diet were heavier before hibernation than the animals that ate the high-protein diet. Surprisingly, this difference in body mass was mainly due to higher levels of protein and TBW compartments and not fat mass. An explanation could be that the high-lipid group had a better protein assimilation rate because of a higher lipid intake that would have slowed down the intestinal transit. Alternatively, these results could be explained by differences in fuel partitioning related to differences in activity patterns. Daily torpor bouts were already observed in the high-protein group during the prehibernation period, whereas animals fed the high-lipid diet stayed active all the time and could thus maintain a higher muscular development before hibernation. Despite a lower lipid intake before hiber- ) . The high-lipid group spent less time in torpor and thus lost more body mass during hibernation than the high-protein group. Despite similar body conditions in both groups at the start of reproduction, the high-protein group had a higher reproductive success with bigger litters and larger pups. nation, animals fed the high-protein diet had a similar fat mass before hibernation to that of animals fed the high-lipid diet. This could also be explained by the fact that the daily torpor of animals from the high-protein group before hibernation could have allowed them to maximize lipid storage. Such behavior has previously been observed in a bat species and was seen to facilitate the constitution of sufficient body reserves for hibernation (34) . Furthermore, animals of the high-protein group may have reduced their protein ingestion before hibernation to minimize possible negative effects of protein on hibernation, as hypothesized by Humphries et al. (22) .
In line with our prediction, animals of the high-lipid group spent less time in torpor during hibernation and lost significantly more body mass than those from the high-protein group. They mainly lost fat reserves, to a similar extent to that of hamsters in the high-protein group, but their body protein and mineral masses also significantly decreased during hibernation, as expected given the lack of proteins in their diet. However, contrary to our prediction, the two groups had the same body mass and body composition at emergence from hibernation, despite different hibernating behaviors. Animals exposed to the diet with the higher protein ratio displayed a greater number of torpor bouts and more interbout euthermia. Interestingly, even if their hibernation behavior tended to maximize energy sparing, their interbout euthermia lasted longer, probably to ensure functions that require euthermia after long torpor bouts, such as metabolic waste excretion, especially of urea (24, 28) . To sum up, although food quality modifies food intake and body composition, animals manage their torpor use and manage their body reserves in such a way that at emergence (i.e., at the beginning of the reproductive season), animals in both groups have the same body composition, regardless of the diet.
Despite similar body composition, the two groups did not have the same reproductive output, indicating that the macronutrient composition of the diet directly impacted reproduction. Yet contrary to our prediction, the high-lipid group had the lowest reproductive success. We did not observe any significant difference in the average date of first parturition, but the number of successful matings was lower in the high-lipid group. This result could be explained by delayed sexual maturity for some of the individuals from the high-lipid group, as previously observed in protein-restricted animals (4, 19) . A smaller litter size was also recorded in the high-lipid group. However, since litter size was not measured before the pups were 7 days old to avoid any disturbance and stress for the mothers, the real number of pups at parturition was unknown. The difference observed in the size of litters between the highprotein and high-lipid groups could either be explained by a production of smaller litters by females from the high-lipid group or, more certainly, by a higher rate of cannibalism by these females to counterbalance the deficiency in dietary proteins and cover the high protein needs for lactation. Indeed, protein restriction did not affect the litter size in rats (40) but did affect the pup mortality rate due to maternal cannibalism (1) .
Finally, diets also significantly affected the growth of pups. Pups from the high-lipid group grew more slowly than those from the high-protein group and did not catch up on their growth rate during the 105-day sampling period. Reduced growth rate during suckling was probably linked to a lack of protein in the milk. As shown in the literature, the milk composition of females exposed to a low-protein diet is modified by the reduction in protein concentration and the increased lipid concentration, which reduces the growth rate of pups in comparison with mothers eating an optimal protein diet (31) .
We found that the growth rate of pups was significantly affected by diet, and that the effects of the diet were sex-and age-specific. In other species, such as rats (6), mice (9) , and golden-mantled ground squirrels (30) , the growth rate of pups is also inversely related to litter size. On the contrary, we found that the growth rate of pups from the high-protein group was higher than that of pups from the high-lipid group, despite females of the high-protein group having larger litters.
Perspectives and Significance
This study of the hibernation pattern, consecutive reproduction, and growth rate of pups in the European hamster demonstrates a strong impact of macronutrient diet composition and particularly protein content on the annual lifecycle of the European hamster. To the best of our knowledge, this is the first study demonstrating the crucial role of dietary proteins on both hibernation and subsequent reproduction in a food-storing hibernator. We demonstrate a plasticity in the responses of adults to diet composition to manage the hibernation period. However, a low-protein diet impaired reproductive success, which could affect population dynamics in the wild. The impact of the two diets on reproduction was only investigated in females. It would be interesting to conduct similar experiments in males, since the duration of hibernation directly impacts their mating opportunities and thus also their reproductive success (8) . Additional studies of milk composition in the two groups could provide more information on the influence of diet on milk composition. A study across several hamster generations could make it possible to confirm these results on hibernation and reproduction.
This new result opens a new avenue of research, evaluating how diet composition impacts sexual maturation in the juvenile hamster, which could, in turn, affect the reproduction strategies of this species. The environmental conditions of this species have changed drastically over the last 50 years, with an increase in agricultural plot size, the development of monocropping, and the progressive disappearance of soil microfauna (37) . In this context, our data provides new knowledge to enrich current conservation plans to improve the natural agricultural habitat of this species in Europe and restore its population levels.
